Abstract. This paper provides an overview of the possible role of Quantum Chromo Dynamics (QDC) for neutron stars and strange stars. The fundamental degrees of freedom of QCD are quarks, which may exist as unconfined (color superconducting) particles in the cores of neutron stars. There is also the theoretical possibility that a significantly large number of up, down, and strange quarks may settle down in a new state of matter known as strange quark matter, which, by hypothesis, could be more stable than even the most stable atomic nucleus, 56 Fe. In the latter case new classes of self-bound, color superconducting objects, ranging from strange quark nuggets to strange quark stars, should exist. The properties of such objects will be reviewed along with the possible existence of deconfined quarks in neutron stars. Implications for observational astrophysics are pointed out.
INTRODUCTION
Astrophysicists distinguish between three types of compact stars. These are white dwarfs, neutron stars, and black holes. Of the three, neutron stars appear particularly interesting for QCD related studies of ultra-dense matter, since the matter in the cores of such objects is compressed to densities that are several times higher than the densities of atomic nuclei [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] . Theoretical studies indicate that at such densities hyperons may be generated and new states of matter-such as boson condensates and/or quark matter-may appear [1, 2, 3, 6] . The latter ought to be a color superconductor [11, 12, 13] . There is also the intriguing theoretical possibility that strange quark matter could be more stable than even the most stable atomic nucleus [14] , 56 Fe, which would give rise to the existence of new classes of compact objects, carrying baryon numbers ranging from ∼ 10 2 (quark nuggets) to ∼ 10 57 (strange quark stars) [5, 15, 16, 17, 18, 19] . This paper summarizes the role of QCD for neutron stars and strange stars. Particular emphasis is put on the role of strangeness. Strangeness is carried by hyperons, quark matter, and quark nuggets, and may leave its mark in the masses, radii, cooling behavior, pycno-nuclear reactions, and the spin evolution of compact stars.
LIMITS ON THE CENTRAL DENSITIES OF NEUTRON STARS
Stringent limits on the central densities of neutron stars [20, 21] can be established through a variational study of the poorly known nuclear equation of state [1, 2, 3, 6, 8, 10] . Such a study assumes that the equation of state of neutron star matter is known up to an energy density ε 0 and pressure p 0 , Einstein's theory of general relativity is the correct theory of gravity, neutron star matter is microscopically stable (i.e., ∂ P/∂ ε > 0), and that causality if not violated (i.e., ∂ P/∂ ε < 1) [20, 22] . Models for the nuclear equation of state can then be generated from the following ansatz [22] ,
where p denotes pressure, ε stands for the energy density, and u ≡ ρ/ρ 0 with ρ the baryon number density. The quantities α and γ are parameters that control the softness/stiffness of the nuclear equation of state. The result of such a study [23] show that the variational upper limit on the masses of neutron stars is close to 2.9 M ⊙ . Such stars could have central densities up to four times higher than the density of nuclear matter. Very recently the discovery of a very massive neutron star, PSR J1614-2230, was reported in [24] . This neutron star has a mass of 1.97 ± 0.04M ⊙ and rotates at 3.15 milliseconds, which, however, has only very little impact on the star's structure. According to the study presented above, the central density of this object could be anywhere between 2 < ∼ ε/ε 0 < ∼ 10 [23] , the high end of which evidently favoring the existence of exotic matter in the core of this object (for a general discussion, see [25, 26] ).
QUARK MATTER IN THE INNER CORES OF NEUTRON STARS
It has been suggested already many decades ago [27, 28, 29, 30, 31, 32, 33] that the nucleons may melt under the enormous pressure that exists in the cores of neutron stars, creating a new state of matter known as quark matter. From simple geometrical considerations it follows that for a characteristic nucleon radius, r N , of around one Fermi, nucleons may begin to touch each other in nuclear matter at densities (4πr 3 N /3) −1 ≃ 0.24 fm −3 = 1.5 ρ 0 , which is less than twice the number density of nuclear matter (ρ 0 = 0.16 fm −3 ). This value increases to ∼ 11 ρ 0 for a nucleon radius of r N = 0.5 fm. One may thus speculate that the nucleons making up neutron star matter begin to dissolve at densities somewhere between around 2 − 10 ρ 0 , giving way to quark matter made up of unconfined up and down quarks. Depending on rotational frequency and neutron star mass, densities greater than two to three times ρ 0 may be easily reached in the cores of neutron stars so that the neutrons and protons in the cores of neutron stars may indeed be broken up into their quarks constituents [1, 2, 5, 34] . More than that, since the mass of the strange quark is only m s ∼ 150 MeV, high-energetic up and down quarks will readily transform to strange quarks at about the same density at which up and down quark deconfinement sets in. Thus, if quark matter exists in the cores of neutron stars, it should be made of the three lightest quark flavors. Possible astrophysical signals of quark deconfinement in the cores of neutron stars were suggested in Refs. [35, 36, 37, 38, 39] . They all have their origin in the changes of the moment of inertia caused by the gradual transformation of hadronic matter into quark matter, which may lead to braking indices vastly different from the canonical value of 3, to the spin-up of isolated rotating neutron stars for extended (millions of years) periods of time, and to the pile-up of the frequencies of (X-ray) neutron stars accreting matter from companion Kr + A500-NCFL FIGURE 1. Nuclear reaction rates for 56 Fe, 118 Kr, and strange quark matter nuggets in the CFL/non-CFL (NCFL) phase with baryon numbers of 56 and 500 [42] .
stars. If quark matter exists in neutron stars, it will consist of the three lightest quark flavors only. Quarks carrying charm, top or bottom flavors are much to massive to be generated in neutron stars [2, 5] .
PYCNONUCLEAR REACTIONS
The lattice structures of the crusts of neutron stars makes these regions suitable environments where pycnonuclear (fusion) reactions among atomic lattice nuclei may occur [40, 41] . Model calculations [42] indicate that the presence of strange quark matter nuggets could alter these pycnonuclear reaction rates among the atomic lattice nuclei tremendously, as shown in Fig. 1 . The differences in the reaction rates have their origin in the different mass-to-charge ratios of strange quark matter nuggets and atomic nuclei. The calculations in Fig. 1 are based on the assumption that strange quark nuggets are made up of either ordinary strange quark matter (NCFL) or color superconducting strange quark matter whose condensation pattern is the color-flavor-locked (CFL) phase. One crucial difference between non-CFL (NCFL) and CFL quark matter is the equality of all quark Fermi momenta in CFL quark matter which leads to charge neutrality in bulk without any need for electrons [43] . This has most important consequences for the charge-to-mass ratios of strangelets. For ordinary (NCFL) strangelets, the charge is approximately Z ≈ 0.1m 2 150 A for A ≪ 10 3 , and Z ≈ 8m 2 150 A 1/3 for A ≫ 10 3 , where m 150 ≡ m s /150 MeV and m s is the mass of the strange quark. For small A, the charge is the volume quark charge density multiplied by the strangelet volume with a result that is proportional to A itself. This relation holds until the system grows larger than around 5 fm, or A ≈ 150, at which point the charge is mainly distributed near the strangelet surface, and Z ∝ A 1/3 [44] . In contrast to this, the charge-to-mass ratio of CFL strangelets is described by Z ≈ 0.3 m 150 A 2/3 [44] which leads to a significantly increased pycnonuclear reaction rates in the crusts of neutron stars, as shown in Fig. 1 . Possible observational consequences concernt the thermal evolution of neutron stars [45, 46] and maybe superbursts [47, 48, 49] .
ULTRA-HIGH ELECTRIC FIELDS AND VORTEX EXPULSION
We now turn our attention to strange quark matter objects at the high baryon number end (A ∼ 10 57 ), also known as strange quark stars. If existing, these objects would have masses and radii that are similar to those of neutron stars, which makes it hard to distinguish both types of stars from one another observationally. One of the major differences between neutron stars and strange stars is that the latter are self-bound objects so that very light but small (radii on the order of just a few kilometers) strange quark stars could fill the Universe. Another striking feature of strange quark stars concerns the existence of ultra-high electric fields a their surfaces [50, 51, 52, 53] . This electric field is a consequence of a high electron concentration near the stellar surface, which is necessary to compensate the lower strange quark population in this region, and to maintain electric charge neutrality. As shown in [50, 51, 52, 53] , these electrons are screened out of the star and form an electric dipole layer with an electric field on the order of E ∼ 10 17−19 V/cm. Electric fields of this magnitude can increase the stellar mass by up to 15% [54] . This is an important result since it allows for the interpretation of massive pulsars as rotating strange stars.
The surface electric field can also give rise to differential rotation of the star with respect to its surrounding electric surface field [55] . In this event electric currents are generated at the surface of the strange star. The strength of these currents is determined by the magnitude of the net electric charge and by the amount of differential rotation. The magnetic field of such a configuration was found to be uniform inside the star, and of a dipole type outside [55] . Moreover, depending on the electric field and the relative frequency between the star and the electron layer, the generated magnetic fields may be as high as 10 16 G. Such strong fields can be achieved for very high static electric fields on the order of ∼ 10 20 − 10 21 V/cm and effective frequencies of ∼ 700 − 1000 Hz. For small effective rotational frequencies of ∼ 10 Hz and more moderate static electric fields of ∼ 10 16 − 10 18 V/cm one obtains magnetic fields on the order of 10 9 − 10 11 G. This is a very intriguing result because such magnetic fields and rotational frequencies are in good agreement with the observed magnetic fields and frequencies of three Central Compact Objects (CCOs) [55] . CCOs form a group of recently discovered compact stars that are characterized by a faint steady flux predominately in the X-ray range and the absence of optical and radio counterparts [56, 57] . CCOs have relatively long rotational periods and, for the three cases for which data exists, possess small magnetic fields of ∼ 10 11 G [57] . These objects could thus be comfortably interpreted as rotating strange stars whose electron atmospheres rotate at frequencies that a slightly different from the ones of the stellar cores. The scenario described just above is only for strange stars made of color-flavor locked (CFL) superconducting quark matter but not for two-flavor color superconducting (2SC) quark matter, which has very different properties [13] .
Strange stars made of CFL quark matter ought to be threaded with rotational vortex lines within which the star's interior magnetic field is confined. If so, the vortices (and thus magnetic flux) would be expelled from the star during stellar spin-down, leading to magnetic reconnection at the surface of the star and the prolific production of thermal energy [58] . In [59] it was shown that this energy release can re-heat quark stars to exceptionally high temperatures, such as observed for Soft Gamma Repeaters (SGRs), Anomalous X-Ray pulsars (AXPs), and X-ray dim isolated neutron stars (XDINs).
Moreover, numerical investigations [59] of the temperature evolution, spin-down rate, and magnetic field behavior of such superconducting quark stars suggest that SGRs, AXPs, and XDINs may be linked ancestrally. Finally, the density at which quarks deconfine follows from this study to be of the order of five times that of nuclear saturation density, which is well within reach of typical neutron star densities [1, 2, 3, 4, 6, 7, 8, 9, 10] .
CONCLUSIONS
The purpose of this short paper is to provide an overview of the multifaceted role of QCD for compact stars. We began with an investigation of the maximum densities of neutron stars. The results indicate that even very massive (∼ 2 M ⊙ ) neutron stars can have tremendous central densities (up to 10 time nuclear), which leaves plenty of leeway for the possible existence of hyperons, boson condensates, and/or deconfined up, down and strange quarks in the cores of such objects. Depending on the details of a possible deconfinement phase transition in the cores of neutron stars, anomalies in the rotational evolution (backbending) may be triggered by the transition which could be observed by radio and X-ray telescopes. If strange quark matter were absolutely stable, nuggets made of strange quark matter could exit in the crusts of neutron stars. If in the CFL phase, he presence of such nuggets may tremendously increase the pycnonuclear reaction rates in the crusts of neutron stars, which may serve as an observational window on the actual existence of strange quark matter. Stars made of strange quark matter could possess huge electric fields, increasing the stellar mass by up to 15%. This is an important result since it facilitates the interpretation of massive pulsars as rotating strange quark stars. Finally it was pointed out that CFL superconducting strange stars may distinguish themselves from ordinary neutron stars by differentially rotating electron surface layers, which could explain the magnetic fields observed for several compact central objects, and the possibility of vortex expulsion of magnetic flux lines from the star, which leads to a significant reheating of such stars. The computed temperatures are in excellent agreement with those observed for those of magnetars.
